It has been recently shown that 2D multiple-quantum (MQ) isotropies can be bypassed to first order by focusing the spectroscopy in combination with conventional magic-angle spin-NMR observation on the central 0 1 2 } / 1 2 transition (8, 9), ning can provide high resolution NMR spectra from half-integer the resulting spectra may still lack chemical resolution due quadrupolar nuclei in powdered samples. In an effort to optimize to the presence of substantial second-order effects. Rapid signal-to-noise in this type of experiments, a systematic investiga-sample rotation can be employed toward the partial nar- similar to that occurring in DAS can also be achieved using conventional MAS, if this method is combined with certain forms of 2D multiple-quantum (MQ) spectroscopy involv-
INTRODUCTION
ing the correlation of 0m } /m coherence orders within the spin manifold (16) . The resulting 2D MQMAS technique NMR is a well-established tool for analyzing many strucconsequently provides a simple approach to high resolution tural and dynamic problems of polycrystalline solids (1, 2) . quadrupolar NMR spectroscopy in solids, whose capabilities Crucial to the success of these applications are coherent have already been demonstrated with several practical applimanipulations which allow one to discriminate among sigcations on different nuclei (17) (18) (19) (20) (21) . In view of the potential nals arising from inequivalent chemical sites despite the aniusefulness of this approach, considerable efforts have also sotropic character of spin interactions. Although this coherbeen devoted during the past years to improve the sensitivity ent averaging of anisotropies was achieved decades ago for and appearance which characterize MQMAS lineshapes spin-1 2 interactions with the introduction of magic-angle spin- (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . A signal-to-noise (S/N) question that arose early ning (MAS) and multipulse decoupling (3) (4) (5) , such a goal on in these analyses was related to which route should be proved more elusive for the important case of higher halfadopted for achieving a maximum excitation of the odd MQ integer spins (S Å 2 ). The solid state NMR spectra coherence orders involved in the experiment. One of the of these nuclei are in general dominated by large quadrupolar assayed approaches, common in liquid crystalline and isoanisotropies arising from their interactions with the surtropic NMR work (36, 37) , proposed the implementation of rounding electric field gradients (6, 7) . Although these ansuch MQ coherence pumping via two pulses separated by a free evolution delay; another approach, derived from solid 1 To whom correspondence should be addressed: Department of Chem methods can afford useful MQMAS NMR data, it quickly specially written C programs. All the investigated samples were purchased from Aldrich and used as supplied except became apparent that the latter approach provides spectra with better S/N ratios (22, 23, 25) , and consequently this for a cobaltoporphyrin complex, which was synthesized in our laboratory as described elsewhere (44). single-pulse excitation strategy has been the one adopted in a majority of chemical studies reported to date.
In an effort to provide a more quantitative basis to these
RESULTS
qualitative S/N observations, we embarked on a systematic MQ Excitation in the Absence of Shielding Offsets analysis on the performance that a pulse sequence of the form As mentioned above, MQMAS is designed to provide (t 1 ) x -D-(t 2 ) f [1] high resolution quadrupolar NMR spectra via the 2D correlation of multiple-and single-quantum coherence evolutions. exhibits toward the excitation of triple-quantum coherences Most experiments of this kind have so far entailed the excitaof the type usually involved in MQMAS. This search was tion of triple-quantum coherences, as this process is feasible carried out as a function of initial and final RF pulse widths for all half-integer quadrupole nuclei and the resulting MQ t 1 and t 2 , relative irradiation phases f (with x corresponding states are usually the easiest to generate. Consequently, we to f Å 0) and interpulse delays D, variations which clearly focused our calculations on determining the optimized concover the two possibilities mentioned above. Notably, it was ditions under which a pulse sequence like that in Eq. [1] found that neither of the two alternatives considered so far will maximize such off-diagonal elements starting from a provides the maximum possible excitation of triple-quantum reduced equilibrium density matrix coherences. Instead, calculations revealed that in the presence of moderate shielding effects the optimum excitation r eq Å arS z , [2] efficiency on spin-3 2 powders is achieved by a pulse sequence with D Å 0 and f Å p/2, in essence an x-y composite where a Å hn/2kT represents the high-temperature Boltzpulse module (43) . The improvements resulting from these mann factor. As has been shown elsewhere (22, 45), valuconditions could be experimentally verified as well as justiable insight into this excitation process can be obtained by fied on the basis of analytical density matrix derivations.
representing its spin Hamiltonian by the simplified rotating These combined experimental/theoretical analyses were also frame interaction extended to cases involving large chemical shift offsets; for these cases calculations revealed that despite potentially substantial S/N losses, composite pulses can still provide a superior MQ excitation when compared to the more traditional schemes that have been considered so far. The following
. sections describe the results of these investigations. [3] All spectra reported in this study were recorded in a laboratory-built NMR spectrometer based on a 4.7-T wide-bore
EXPERIMENTAL
The first term in these expressions represents the first-order Oxford magnet, a Macintosh-controlled Tecmag pulse proquadrupole frequency grammer (Aries), and broadband homodyne hardware. This system is equipped with an LPI-10 ENI amplifier capable of delivering over 1 kW of RF power into suitably tuned n q (u, w) loads, and of executing fast RF phase shifting and on/off switching (settling times õ 100 ns). MAS was performed Å (e 2 qQ/h)
at spinning rates n r É 6-10 kHz, using a standard 5-mm Doty assembly inserted on a laboratory-built doubly tuned [4] variable-angle spinning NMR probehead. RF irradiation fields in the range 100-150 kHz were used in the different experiments, together with a suitable MQMAS phase cycling given by a coupling constant e 2 qQ/h, an asymmetry parameter h, and angles (u, w) defining the relative orientation of the of the irradiation and demodulation phases for selecting the appropriate coherence transfer pathways. The resulting data external field B 0 with respect to the quadrupolar tensor. The second term in H(t), acting only during the duration of the were processed offline using the RMN software (courtesy of Professor P. Grandinetti, Ohio State University); spin RF pulses, represents the nutations introduced by these fields as given by their strength n RF and the spin operators defining calculations were carried out on a SGI work station using their orientations. Equation [3] neglects a number of potentially important factors such as the time dependence introduced on n q (u, w) by the sample spinning, or the effects introduced by shielding and second-order quadrupole offsets. The first of these approximations will be justified by the short intervals that the pulse sequences end up having when compared with typical rotor period durations; details about the effects of the offsets are further discussed in the following paragraph.
Given the excitation Hamiltonian in Eq. [3] , the MQ generation process can be quantified by propagating the initial density matrix according to
and then considering the fate of the r 14 , r 41 off-diagonal elements defining the 0 result from propagating the Hamiltonian in Eq. [3] (
These five-dimensional numeric searches consistently re-100 kHz) for over 100 crystallite orientations using n RF t increments of vealed that excitation sequences involving D Å 0, f Å 0.08 cycles. The gray scale contours in each plot range from ¢90% (black) through°50% (white) of the maximum coherence intensity; dashed lines p / 2 will yield the largest triple-quantum coherences. ure 1 shows a series of bidimensional renderings of these searches meant to illustrate the effects that the resulting sequence will have on the triple-quantum excitation as a verified with 23 Na MQMAS NMR experiments on polyfunction of the three remaining parameters: u 1 Å n RF t 1 , crystalline Na 2 SO 4 and Na 2 C 2 O 4 samples. Figure 2 illusu 2 Å n RF t 2 and ( e 2 qQ / h ) / n RF . Although the positions of trates representative results arising from these S Å 3 2 meathe absolute maxima in these plots are slightly dependent on this latter ratio an efficient MQ excitation can be ob-surements. It compares the MQ generation performance of single-and composite-pulse approaches, as detected served over a range of conditions in the neighborhood of u 1 Å 0.4 cycles, u 2 Å 0.8 cycles. These are consequently in MQMAS acquisitions involving a fixed MQ evolution time ( equal to one rotor period ) and a final conversion good starting parameters upon attempting the study of an unknown sample, susceptible to optimizations according pulse of 0.2 cycles. The main features of the numerical calculations are reproduced by these experimental results, to the calculations by adjusting both pulse widths while preserving a t 2 / t 1 É 2 ratio. Notice that in addition to including a maximum in the MQ coherence excitation corresponding to composite pulses with t 2 / t 1 É 2 and these absolute maxima the MQ calculations predict alternative local maxima, including two located in the single-these signals exceeding their single pulse counterparts by a ratio of about 1.3. pulse nutation curves ( t 1 Å 0 or t 2 Å 0 ) , which correspond to those that were described in earlier MQMAS These results corroborate again the validity of using a simplified Hamiltonian like that introduced in Eq. [ 3 ] optimizations studies ( 22, 25, 26 ) . For all ( e 2 qQ / h ) / n RF ratios the numerical simulations reveal that the intensities when trying to model relevant experimental situations.
An interesting feature of this Hamiltonian is that despite of MQ elements at these local maxima are about 30% smaller than those available upon using optimized x -y being represented by a 4 1 4 matrix it is susceptible to analytical diagonalization ( 40, 46 ) , thus enabling an composite pulses, implying that traditional single-pulse approaches require almost 70% longer acquisition times explicit propagation of the spin density matrix throughout the course of the experiment. This characteristic can be than these newer composite pulse counterparts to achieve spectra with comparable S / N ratios.
exploited in order to better understand the physical origins of the composite pulse's superior MQ excitation perThe predictions of these numerical calculations were ͮ .
[10c]
The first of these gradients can be nulled for arbitrary n 13 r 14 in accordance with the well-known behavior or MQ coherence excitations (38-40).
The simultaneous solution of these equations can again be achieved by a number of different (n 13 t 1 , n 13 t 2 , f) combinations. Within a [0, p] interval these include [14] which if replaced into Eq. [6] will lead to Ér 14 É Å 0 and thus represent a signal minimum, and
f Å (2n / 1)p/6 (n Å 0, 1, 2), [15] which after substitution in Eq. [6] from conventional single-pulse nutations. Although these numbers can be expected to change somewhat as calculations are extended to powders, these analytical predictions constitute with all likelihood the basis for the ''brute force'' numerical parameters arising from the plots depicted in Fig. 1 .
Shielding Offset Effects
As has been the case with the majority of MQMAS NMR analyses that have hitherto been reported, the preceding paragraph focused on the generation of coherences without explicitly considering potential complications arising from chemical shift effects. Although this is a safe approximation when dealing with alkali metals or light main group elements possessing relatively small shielding scales (°0.1rn RF ), shift effects may become potentially important complications toward the excitation of MQ coherences in other cases. This is quantitatively illustrated by the numerical excitation profiles presented in Fig. 4 , which show how isotropic and anisotropic shielding effects can decrease the maximum amount of coherence achievable from single-pulse RF nutations even when considerably smaller than the RF excitation field. In addition to an overall decrease in intensity isotropic shifts also introduce noticeable oscillations in the time-domain profiles of the MQ nutation, which apparently interfere with one another in the anisotropic case.
FIG. 2. Experimental 23
Na triple-quantum excitation profiles obtained
In some extreme situations, the excitation complications from a Na 2 C 2 O 4 powder using single-(top) and composite-pulse (bottom) brought about by shielding effects may prevent the acquisi-RF nutation sequences. Data were acquired in both cases under identical tion of MQMAS data altogether even when dealing with on-resonance conditions using MAS (n r É 6 kHz), 256 scans/point, n RF sites possessing small quadrupole couplings. A case in point Å 150 kHz. Contours in the 2D plot are equally spaced between 50 and 90% of the maximum signal intensity.
is presented in Fig. 5 , which compares MAS and MQMAS
In view of the severe detrimental effects that shielding offsets can have on the single-pulse excitation of MQ coherences, we decided to explore the potential advantages that may result from employing two-pulse excitation sequences of the type depicted in Eq. [1] . A full numerical search similar to that described in the preceding paragraph but incorporating shielding offsets was thus carried out, and it less efficient in the presence of substantial chemical shifts, as may be appreciated from the calculated and experimental offset dependences presented in Fig. 6 . Furthermore, by concobalt NMR spectra ( 59 Co, S Å 2 ) for the model compound trast to the simple t 2 /t 1 É 2 optimization recipe that could K 3 [Co(CN) 6 ] and for a synthetic [Co(tetraphenylpor-be derived in the absence of offsets, the optimized durations phyrin-bismethylimidazole)]BF 4 complex. Even though the cobalt site in the former compound has a larger quadrupole coupling constant than in the latter (5.9 vs 3.5 MHz) (44, 47), the porphyrin complex yields little MQMAS data even after extensive signal averaging due to its much larger shielding anisotropy. Calculations predict that similar effects can be expected in the presence of large second-order quad- ters and thus likely to be useful only in combination with preliminary numerical calculations. In lieu of these optimized pulse sequence the only strategies currently available for bypassing the chemical shift complications involve increasing the RF field strength or operating at smaller Larmor frequencies, two approaches which suffer from evident limitations.
In addition to its practical advantages, the signal enhancement brought about by x-y composite pulses opens up interesting questions related to the maximum ''amounts'' of MQ coherences that can actually be expected from quadrupolar spins. For the case of a spin-3 2 single crystal and in analogy with the nutation of an isolated spin-1 2 , one could have assumed that the complete transfer of the 3a triple-quantum populations into r 14 triple-quantum elements (Eq. [8] ) would define the upper limit of the excitation. This expectation is exceeded by a 2 factor in the composite pulse excita-
FIG. 7.
59 Co MQMAS NMR spectrum obtained from the cobaltoportion owing to the latter's ability to extract triple-quantum phyrin complex examined in Fig. 4 using an x-xV composite pulse excitation coherences from all the Zeeman populations in the spin mansequence. The excitation pulse lengths (t x Å 4 ms, t xV Å 5.5 ms) were ifold. In fact, a principal value analysis on the upper entropic optimized on the basis of a priori knowledge of n RF and of the site's shielding and quadrupole couplings; all other acquisition parameters are as limit (48) for the MQ excitation process reveals that for S described in the legend to the maximum which can be expected upon starting from thermal equilibrium is r 14 Å 2 5a. Given the r 14 Å 3 2a value reached under the conditions in Eq. [15] , it follows that are now predicted for the x and xV nutations angles are that at most a 5% efficiency increase can be expected from dependent on the particular combination of e 2 qQ/h, chemi-further manipulations. Indeed we have attempted to introcal shift, and n RF values involved. Due to this reason the duce additional improvements on the x-y excitation seuse of composite pulses for exciting MQ coherences in the quence by considering the use of additional pulses, but nupresence of strong shielding effects is, at least in its present merical simulations revealed that only marginal gains on the stage, a useful alternative only if accompanied by suitable order of 1% occur upon implementing these more complex a priori calculations of the pulse angles by computational procedures. means. These calculations require in turn an approximate
In addition to these excitation investigations we have emknowledge of the quadrupole and shielding couplings in-ployed numerical means to explore the potential of twovolved. When this kind of information is available the opti-pulse schemes like that presented in Eq. [1] for providing mized composite pulse excitation may lead to substantial an improved conversion of the MQ coherences to the singlegains in spectral S/N; for the cobaltoporphyrin complex quantum observables. The results of these calculations, howmentioned above an improvement of almost 100% could be ever, are not described here in any detail, since they failed achieved in this manner, allowing its MQMAS signal to to reveal significant advantages with respect to their singleclearly emerge from out of the background noise (Fig. 7) . pulse counterparts. The relative enhancements that we observed for the conversion process on spin- amounted in all cases to less than 10%. Alternative approaches will thus be needed for optimizing the efficiency The results introduced in the previous section evidence of this final conversion step, which is in fact responsible for the advantages that may result from using composite pulse much of the signal losses occurring in MQMAS experiments. schemes in MQMAS NMR. In the absence of strong offset effects sizable gains in S/N could be demonstrated both
